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I .  INTRODUCTION 

The  prediction  of  the  complete  moment  exerted  by  a  spinning  liquid  pay- 
load  on  a  spinning  and  coning  projectile  has  been  a  problem  of  considerable 
Interest  to  the  Amy  for  some  time.  For  fully  spinning  liquid,  the  linear 
side  moment  was  first  conputed  by  Stewartson1  for  an  Invlscld  payload  by  use 
of  fluid  oscillation  elgenfrequencles  determined  by  the  fineness  ratio  of  the 
cylindrical  container.  Wedemeyer2  Introduced  boundary  layers  on  the  walls  of 
the  container  and  was  able  to  determine  viscous  corrections  for  Stewartson's 
elgenfrequencles.  which  could  then  be  used  In  Stewartson's  side  moment  calcu¬ 
lation.  Murphy 3  then  conpleted  the  linear  boundary  theory  bv  Including  all 
pressure  and  wall  shear  contributions  to  the  1 1  quid- Induced  side  moment.  The 
Stewartson-Wedemeyer  eigenvalue  calculations  have  been  Improved  for  low 
Reynolds  numbers  by  Kitchens  et  alH  through  the  replacement  of  the  cylindrical 
wall  boundary  approximation  by  a  linearized  Navler-Stokes  approach.  Next, 
Gerber  et  al*"6  extended  this  linearized  NS  technique  to  compute  better  side 
moment  coefficients  for  Reynolds  numbers  less  than  10,000.  Finally,  the  roll 
moment  for  a  fully  spun-up  liquid  was  computed  by  Murphy.7"8 


1.  Stewarteon ,  K.  ,  "On  the  Stability  of  a  Spinning  Top  Containing  Liquid ," 
Journal  of  Fluid  Mechanics,  Vol.  5,  Part  4,  September  1959,  pp.  577-592. 

2.  Wedemeyer,  E.  H.,  " Vieooue  Correction  to  Stewarteon'  e  Stability  Criter¬ 
ion,"  Ballietio  Research  Laboratory,  Aberdeen  Proving  Ground,  Maryland, 
BRL  Report  No.  1325,  June  1966.  (AD  489687) 

3.  Murphy,  C.  H .,  "Angular  Motion  of  a  Spinning  Projectile  with  a  Viecoue 
Liquid  Payload ,"  Ballietio  Reeearoh  Laboratory,  Aberdeen  Proving  Ground, 
Maryland,  BRL  Memorandum  Report  ARBRL-MR-03194,  August  1982.  (AD 
A1 18676).  (See  aleo  Journal  of  Guidance.  Control,  and  Dynamics .  Vol.  6, 
July-August  1983,  pp.  280-286.) 

4.  Kitchens,  C.  W.,  Jr.,  Gerber ,  N.,  and  Sedney,  R.,  "Oscillations  of  a 
Liquid  in  a  Rotating  Cylinder:  Solid  Body  Rotation,"  Ballistic  Research 
Laboratory,  Aberdeen  Proving  Ground,  Maryland,  BRL  Technical  Report  BRL- 
TR-02081,  June  1978.  (AD  AOS77S9) 

5.  Gerber,  N.,  Sedney,  R.,  and  Bartoe ,  J.  M.,  "Pressure  Measurement  on  a 

Liquid-Filled  Projectile:  Solid  Body  Rotation,"  Ballistic  Research 

Laboratory ,  Aberdeen  Proving  Ground,  Maryland,  BRL  Technical  Report  ARBRL- 
TR-02422,  October  1982.  (AD  A120S67) 

6.  Gerber,  N.  and  Sedney ,  R.,  "Moment  on  a  Liquid-Filled  Spinning  and 
Nutating  Projectile:  Solid  Body  Rotation,"  Ballistic  Research  Laboratory , 

,  Aberdeen  Proving  Ground,  Maryland ,  BRL  Technical  Report  ARBRL-TR-02470, 
February  1983.  (AD  A125332) 

7.  Murphy,  C.  H.,  "Liquid  Payload  Roll  Moment  Induced  by  a  Spinning  and 
Coning  Projectile,"  Ballistic  Research  Laboratory,  Aberdeen  Proving 
Ground,  Maryland,  BRL  Technical  Report  ARBRL-TR- 02521,  September  1983. 
(AD  A133681)  (See  aleo  AIAA  Paper  83-2142,  August  1983.) 

8.  Murphy,  C.  H.,  "A  Relation  Between  Liquid  Roll  Moment  and  Liquid  Side 
Moment,"  Journal  of  Guidance  and  Control.  Vol.  8,  pp.  287-288 ,  March-April 
1985. 


In  1965  Greenspan9  published  a  general  boundary  layer  theory  which  for  a 
cylinder  should  give  the  same  viscous  correction  to  the  eigenvalues  as  comput¬ 
ed  by  Wedemeyer.  Kudllck10  made  such  calculations  but  his  work  was  marred  by 
an  Incorrectly  derived  formula  based  on  Greenspan's  correct  general  result.* 
Kudllck  also  considered  only  half  the  axial  eigenfunctions  and  neglected  those 
which  are  Important  for  coning  motion  of  a  projectile. 

A  primary  parameter  of  the  Stewartson-Wedemeyer  (SW)  theory  Is  t,  the 
ratio  of  the  coning  frequency  to  the  spin  frequency.  For  conventional  spin¬ 
ning  projectiles,  t  lies  between  zero  and  one-half.  For  this  reason,  all 
theoretical  and  experimental  work  has  concentrated  on  this  range  of  t. 
D'Amico11  considered  the  possibility  of  unusual  projectiles  with  t  greater 
than  one  and  computed  Stewartson  elgenfrequency  tables  for  1.1  <  t  <  1.7. 
Spinning  finned  missiles  can  have  coning  motions  In  an  opposite  direction  to 
the  spin  and  for  these  missiles  t  can  be  negative. 

It  Is  the  purpose  of  this  report  to  consider  the  stability  Implication  of 
the  SW  theory  for  negative  t  and  t  >  1.  This  will  be  done  by  first  deriving 
the  SW  prediction  for  liquid  side  moment  and  then  Inserting  this  moment  in  the 
projectile  dynamics  to  obtain  specific  conclusions  on  the  Infl  nee  of  the 
liquid  payload  on  projectile  stability. 


II.  INVISCID  LIQUID  MOMENT 

We  will  consider  a  spinning  projectile**  performing  a  coning  or  spiraling 
motion.  In  nonrolling  coordinates  the  angular  motion  has  the  form: 


B  +  1  o  -  Kes*  (2.1) 

where  $  *  |t 

s  *  ( c  +  1) T 


$  Is  the  spin  rate. 


*In  Appendix  A ,  correct  fomulae  are  derived  in  Kudlick' e  notation. 

**For  simplicity  only  positive  spin  will  be  considered. 

9.  Greenspan,  H.  P.  ,  "On  the  General  Theory  of  Contained  Rotating  Fluid 
Motions,"  Journal  of  Fluid  Mechanics ,  Vol.  22,  Part  3,  pp.  449-462 ,  196 S. 

10.  Kudlick,  M.  D.,  On  the  Transient  Motions  of  a  Contained,  Rotating  Fluid, 
Ph.D  Thesis,  Department  of  Mathematics ,  Massachusetts  Institute  of  Tech- 
nology,  February  1966. 

11.  D'Amico,  W.  P. ,  "Stability  of  Satellites  and  Unusual  Aerodynamio-Shaped- 
Vehicles  Carrying  Liquid  Payloads,"  Ballistic  Research  Laboratory , 
Aberdeen  Proving  Ground,  Maryland,  BRL  Memorandum  Report  ARBRL-MR-2392, 
June  1974.  (AD  9214S4L) 
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According  to  Eq.  (2.1),  x  Is  the  ratio  of  the  coning  frequency  to  the  spin 
frequency.  If  the  projectile  is  coning  In  the  direction  of  spin,  t  is 
positive  and  positive  e  indicates  a  growing  motion.  If  the  coning  motion 
opposes  the  spin,  t  Is  negative  and  positive  e  Indicates  a  decaying  motion. 

The  liquid  moment  Induced  by  the  coning  motion  of  Eq.  (2.1)  can  be 
expressed  in  terms  of  a  dimensionless  liquid  moment  coefficient. 


MLy  +  1MLz  =  V2$2rfLl/eS*  (2.2) 


where  CLM  *  CLSM  +  1CLim  and  other  symbols  are  defined  In  the  List  of  Symbols. 

The  Imaginary  part  of  this  coefficient  Induces  a  motion  in  the  plane  of  the 
angle  of  attack  and  is  called  the  liquid  In-plane  moment  coefficient  while  the 
real  part  causes  a  motion  out  of  this  plane  and  is  called  the  liquid  side 
moment  coefficient. 

The  Inviscid  liquid  moment  can  be  confuted  from  appropriate  expressions 
in  Reference  3.  Consider  a  fully  filled  cylinder  with  diameter  2a  and  height 
2c,  whose  center  Is  located  at  the  projectile's  center  of  mass.  If  we  neglect 
a  small  centripetal  pressure  term,  the  liquid  moment  coefficient  is 


tClm  *  1(a/2cK)  (a"2^  te%  Cp]r=ax  dx 

(2.3) 

-2 *  3  fQ  Ce1*P  Cp]x*c  r2dr) 


where  e14))  Cp  »  -(c/a)K  Ea^  sin(£j2.)  j  x(k A  r/c) 


X2  «  .[if:.2.1.8*.3.]  ( */2 )  2 
(s-1)2 


aR  *  8{kw)"2(_i) (k-l)/2 


k  «  1,  3,  5, 


Ek  -  2s(s-31)g" 1 

g( s , f* )  -  (ill)Jl  ( A/f*)  -  ( A/f*)J 0  (X/f*) 
s-1 

f*  «  c/ka 
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1  Ti  l  •  V  *  * 


The  k-th  term  In  the  series  expansion  of  the  liquid  moment  coefficient  can  be 
computed  to  be: 


iC>  H  *  -1(c/a)  2  a2  Z.  Ji  ( x/f* )  + - ilzll!  .g] 

L\  Tc  x  s+T  2(sz-21s+3) 


(2.4) 


For  an  Infinite  set,  lTkn,  of  pure  Imaginary  values  of  s,  the  denominator 
of  Ek  becomes  zero  and  an  Infinite  value  of  the  invlscld  liquid  moment  Is  pre¬ 
dicted.  These  elgenfrequencles,  Tkn,  are  functions  of  the  reduced  fineness 

ratio,  f*,  and  have  been  tabulated  by  Stewartson1  and  others.11"13  It  can  be 
shown  that  the  elgenfrequencles  lie  between  -1  and  3.  The  function  g  can  be 
expanded  In  the  vicinity  of  an  elgenfrequency. 


g(s,f*)  *  (s-iT.Jg! 


(2.5) 


where  9i  *  C  -5!  g(s,f*)]s_lT 


(1-Tkn)3  k  2(f*)2  '  kn 


In  the  vicinity  of  Tkn,  can  be  approximated  by 


r  2Tkn(3-Tkn> 

k  '  ls-’W9i 


(2.6) 


The  liquid  moment  coefficient  for  t's  which  are  not  near  a  xkn  is  usually 
quite  small.  For  t  near  a  Tkn,  It  Is  well  approximated  by* 


*The  formla  in  Reference  3  differs  from  this  by  a  typographical  error.  An 
updated  errata  for  Reference  3  ie  given  in  Appendix  B. 

12.  Karpov,  B.  G. ,  "Dynamics  of  Liquid  Filled  Shell.  Aids  for  Designers:  (a) 
Milne's  Graph;  (b)  Stewartson' 8  Tables ,"  Ballistic  Research  Laboratory , 
Aberdeen  Proving  Ground ,  Maryland ,  BRL  Memorandum  Report  ARBRL-MR-1477 , 
May  1963.  (AD  410484) 

13.  Frasier,  J.  T.,  "Dynamics  of  Liquid-Filled  Shell:  Aids  for  Designers ," 
Ballistic  Research  Laboratory,  Aberdeen  Proving  Ground,  Maryland,  BRL 
Memorandum  Report  ARBRL-MR-1892,  December  1967.  (AD  666356 ) 
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(f*) 


2  d  2 


2*k2(S-1Tkn) 
-(f*)"2  R2 

2nk2(s-ixkn) 


•  -1  <  Tkn  <  1 


1  <  *kn  <  3 


(2.7) 


where  R2  * 


2_  4l2f*)6l1-'knl\2n(3-’kn> 


■  3(1.tkr,)[.2*2(f)2(1+Tl„n 


kn' 


Values  of  R  ars  also  tabulated  as  functions  of  f*  in  References  lf  11,  12,  and 
13. 


III.  VISCOUS  MODIFICATIONS 

The  major  difficulty  with  the  inviscid  Stewartson  eigenfrequency  theory 
Is  that  it  predicts  much  too  large  liquid  moments  for  t  near  an  eigenfrequen¬ 
cy,  Tkn>  Wedemeyer2  Introduced  a  viscous  boundary  layer  theory  and  sought  to 

predict  the  resulting  liquid  moment  by  a  simple  manipulation  of  Stewartson* s 
tables.  By  a  very  clever  approach,  he  showed  that  viscous  eigenvalues,  s^, 

could  be  computed  from  Stewartson*  s  table  of  inviscid  eigenfrequencies,  i\,nnt 
by  the  relations  K  0 


skn  *  ,Tkn  *  Wkn 


Tkn  *  Tkno  +  iTkn 


\r>Tkn  *  U,kn  * 


d  T, 


kn 


1  f*  [6  .  6  ] 
df*  a  c  s  -  It, 


(3.1) 

(3.2) 

(3.3) 


kn 


6  «  (s  -  i)’1/2Re'1/2 

fl 


.  -(a/cjRe‘1/2  j-(1  .  1s)(s  _  31)-l/2  .  (3  +  1s)(s  +  i)"1/2] 


2(l+1s) 


and  the  complex  roots  are  selected  to  have  positive  real  parts. 

The  derivative  In  Eq.  (3.3)  can  be  computed  by  differentiating  the 
condition  for  eigenfrequencies,  (g(s,f*)*0). 


9 


(3.4) 


[ill 

L3f*-U, 


■1  <UTkn»3-Tkn> 
f*  ^ 


4(f*)2 


Jj(  — ) 
f* 


(3.6) 


It  can  easily  be  verified  that  the  viscous  damping  rate,  EknTkn.  is 

always  negative.  Finally  it  is  interesting  to  note  that  if  Greenspan's 
boundary  layer  theory  is  correctly  applied  to  a  cylinder,  viscous  corrections 
to  the  inviscid  eigenfrequency  can  be  computed  which  agree  with  those 
predicted  by  Eq.  (3.3).  (See  Appendix  A.) 

The  viscous  eigenvalue,  skn,  of  Eq.  (3.1)  can  now  be  used  to  replace  the 

inviscid  eigenvalue,  iTkn.  in  Eq.  (2.7).  The  resulting  prediction  of  the 

liquid  moment  has  agreed  very  well  with  experiments  for  large  Reynolds 
numbers. 


IV.  LIQUID-FILLED  SHELL  STABILITY 

The  angular  motion  of  a  spinning  projectile  can  be  represented  as  the  sum 
of  two  coning  motions.  In  Reference  3  the  influence  of  the  liquid  moment  is 
considered  and  it  is  shown  that  C|_ j ^  affects  the  frequencies  of  the  motion 

while  Cl5m  affects  the  damping.  The  precise  relations  are:3 

=  o/zzf*  -  (-nj  M  -  d/sj]  (4.D 

J  J  J  9  j=!  ,2 


cj  =  eaj  +  (mL  a2/Ix^2Tj/o  '  *Tl  CLSM^T j ,e j ^ 


(4.2) 
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where 


f j  *  1  +  (\a2/Ix*CLIM(Tj  »ej* 
eaj  Is  aerodynamic  damping  rate. 

Equation  (4.2)  can  be  used  to  determine  the  effect  of  the  algebraic  sign 
of  CL5M  on  the  stability  of  the  motion.  This  effect  can  now  be  summarized: 

(1)  t  <  0,  positive  C|_$m  Is  destabilizing. 

(2)  0  <  t  <  1,  positive  C|_$M  Is  destabilizing  If  2t  >  a  and  negative 
Clsm  destabilizing  If  2t  <  o. 

(3)  1  <  t,  positive  Clsm  destabilizing*. 

For  constant  anplltude  motion  (e  =  0),  the  Stewartson-Wedemeyer  theory 
(Eqs.  (2.6,  3.1))  predicts  the  side  moment  coefficient  for  t  near  an 

el genf requency  to  be: 


CLSM  " 


-(f*)-2  R2 


^n 


2i*2[(T-Tkn)2  4  t2ne2n] 


•  -1  <  W  1 


(4.3) 


(fM~2  1<t  <3 

2*!  *  iAJ  kn 


where  <*„>(>  rkn  <  0 

Sen  <  0  Tkn  >  °- 

According  to  Equation  (4.3),  the  side  moment  coefficient  Is  positive  for 
0  <  ij(n  <  1  and  Is  negative  otherwise.  Therefore,  the  Stewartson-Wedemeyer 

theory  predicts  a  possible  Instability  for  the  fast  rate  when  t  lies  In  the 
range  zero  to  one  and  no  possibility  of  Instability  for  any  other  frequencies. 
In  other  words,  a  low  viscosity  liquid  can  only  have  adverse  stability  effects 
on  conventional  statically  unstable  projectiles.  The  effect  of  very  viscous 
liquids  can  not  be  predicted  by  Stewartson-Wedemeyer  theory  and  may  be  adverse 
for  the  stability  of  any  projectile. 


*This  depends  on  the  very  reasonable  assumption 11  that  o  <  2. 

11 
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APPENDIX  A 


COMMENTS  ON  REFERENCE  10 


The  basic  error  in  Reference  10  is  Equation  [A. 3]*  which  was  used  to 
simplify  Eq.  [2.15].  The  result,  Eq.  [2.16]  or  (4.29)  of  Reference  9  is 
incorrect.  The  derivation  of  this  equation  is  based  on  Eq.  [A. 4]  which  uses 

the  solution  for  the  boundary  layer  velocity  vector,  V^,  and  applies  the 

divergence  theorem  to  this  function.  For  a  cylinder  the  boundary  layer  asso¬ 
ciated  with  flat  end-walls  and  the  cylindrical  side-walls  overlap  and  the 

solution  for  ^  is  double-valued.  The  region  for  which  these  two  values  dif- 
m 

fer  significantly  from  zero,  is,  however,  quite  small  and  the  solution  is  a 
quite  good  approximation.  For  a  sphere,  only  at  the  center  is  the  function 
multi  pie- valued,  but  for  other  spheroids  it  is  multi  pie- valued  throughout  the 
interior,  as  can  be  seen  from  the  definition  of  c. 

Correct  calculations  of  the  viscous  correction  to  the  eigenvalue,  s^1), 

can  be  made  for  a  cylinder  by  use  of  Eq.  [2.15]  if  different  definitions  of  Ij 
and  I2  are  used. 

Ii  -  -  /  f  [lira**  /  nx(nxV)  .  ?  dc]  r  du>dz  (A-l) 
1  J-l  ■'0  Re-**  m  -'0  *0 


fr  r2n  /•*  »  ~ 

-2  /  0  /  [lim  •*  /  n  x(n  x  V)  •  V  dc]  ,  rdwdr  (A-2) 

*/0  */0  Rp-h-  m  ■'0  m  £~l 


If  the  unit  vectors  for  Reference  10's  cylindrical  coordinates  are  (e  ,e  ,k), 

A  A  A  » 

then  n  is  er  for  Eq.  (A-l)  and  is  k  for  Eq.  (A-2). 


Now’  *m  m  Vr'z)  e 

<Vr>z)- 


eu  ezJI  ’ 

n  * 
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er  7r  '  eu>  r_1  h  » 

A  A 

n  =  k 

*  (A-3) 

(A-4) 

Wmk(r.Z))eik“ 

(A-5) 

to  denote  equations  in  Reference  10. 


Vrf.  V.^V?  ’V-'? J  r/," r  ■'  ?. /v.  _ 
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—  *  e 
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3o>  V 

3(o 

(A-6) 


Eqs.  (A-4)  thru 
(A-2) . 


(A-6)  plus  Eq.  [A.4]  can  be  used  to  simplify  Eqs.  (A-l)  and 


’l  *  +2’(1W1/2  V  ,1k  v«*  +  ro  ~zr  *r»r0  d* 


‘2  **  2’  /o"0  ((2fP+>'1/2  [  4r  " V'V  +  T  «>*♦«*» 

(A-8) 

*  <2ip_r1/2  [  |p  <«*-«,*>  -  if  v  dr 


If  Eq.  [7.2]  for  9^,  U^,  and  Wm(c  and  Bessel  function 

C.5-C.7]  are  used  In  conjunction  with  Eqs.  (A-7,  A-8),  final 
and  I2  can  be  written: 

relations  [C.2, 
equations  for  Ij 

J1  =  +1I3*a 

(A-9) 

h  *  ~UA 

( A- 10) 

2ir[k2f{m1Iro)2][J  (a.  r)]2 
where  I,  *  °  .  K  ™  0 
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( A- 11) 
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N  in  Reference  10  is  defined  as 


N  2  ///  IQ  1 2  dV 

-  <4-V2  W[l7‘„*la  +7r  lk-v‘J23  “V 

Amk 

It  is  correctly  computed  in  Eq.  [C.16]  to  be 

N  =  2,  _i_  (k2  +  (n»  r  ,2 

”k  4‘xmk 


_(1)  = 

smk  R 


where 


*  "A  ’  V 

-Cl  -  %  0»mk  C^2+(m  „•„)*] 
- - - 

rQ  [k2+(m  nro)2  -  ] 


( A- 14) 


( A- 15) 


(A-16) 


( A- 17) 


Eqs.  [7.7]  thru  [7.10]  and  the  figures  and  tables  at  the  end  of  Chapter  7  need 
to  be  revised  in  the  light  of  the  above  equations. 

A  correspondence  between  the  symbols  of  Reference  10  and  that  of  Refer¬ 
ence  3  is  given  in  Table  A-l 


TABLE  A-l 

Reference  10 

Reference  3 

axial  wave  number 

m 

k/2 

azimuthal  wave  number 

k 

-m 

radial  wave  number 

i 

n 

inviscid  eigenfrequency 

*mkl 

Tknm  "  m 

viscous  correction  to  eigenfrequency  s^ 

(c/a)[ej(nmT|cnm 

reduced  fineness  ratio 


Reynolds  number 


sidewall  boundary  layer  parameter 


endwall  boundary  layer  parameter 


(2mro)‘ 


(c/a)2  Re 


6a  Re' 

Cl 


«c 


As  can  be  seen  from  the  table,  Kudlick's  selection  of  integer  values  of  his 
axial  wave  number,  m,  considers  half  of  the  possible  eigenvalues, i. e. ,  only 
those  corresponding  to  the  even  values  of  Stewartson's  wave  number.  For  the 
forced  oscillation  of  a  cylindrical  payload,  k  =  -1  and  m  equal  to  odd  multi¬ 
ples  of  1/2  provide  the  significant  eigenvalues. 

The  relations  of  Table  A-l  can  be  used  to  express  I4  in  terms  of  the 
symbols  of  Reference  3.  If  this  is  done,  it  can  be  seen  that  I4  is 

(a/c)f*  and,  therefore,  Eq.  ( A- 1 7 )  gives  essentially  the  same  viscous 
3f* 

corrections  as  Eq.  (3.3). 


APPENDIX  B 


ERRATA  FOR  BRL  MR  3194  (REFERENCE  3) 


1.  Third  term  of  Eq.  (5.20)  should  contain  (s  -  1),  not  (s  -  1). 

2.  Second  line  of  Eq.  (6.4)  should  read: 

■  1  tc/2a)  f1  x*  k'-i  dx‘  +  (h/cH  »pth 

3.  Two  lines  after  Eq.  (6.4)  should  read 

mpth  “  “^c3/2*2^  f  cp0(a»x)  dx  •  ••• 

4.  Eq.  (6.12)  should  read: 


[R/f*]2 

2iHc2(s-1xkn) 


-  -CR/f*]2 

2nk2(s-lT|CR) 


Tkn 


<  1 


Tkn 


>  1 


where  R  *  R(f*,f) 

5.  Equation  at  top  of  page  32  should  read: 

^n^n  +  lATkn  *  (6a  "  6c)f*  +  Z“TT  (f  “  1)5a] 


(6.4) 


(6.12) 


6.  Eq.  (6.15)  should  read: 


^LSM^ax 


-(R/f*)2 


2nk2TknCekn"e] 


•  Tkn  <  1 


(6.15) 


7.  Third  line  after  Eq.  (6.15)  should  read:  "somewhat  more  complicated 
since  6.  Is  Independent  of  k  and  varies  as  k_l  for  constant  f*." 

fl  V 

8.  Fifth  line  after  Eq.  (6.15)  should  read:  "and  k”1." 

9.  In  the  second  line  from  bottom  of  page  32  replace  "1  to  9."  by  "3  to  9." 

10.  In  the  third  line  from  top  of  page  33  replace  "1  to  25."  by  "5  to  25." 
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(7.1) 


11.  Eq.  (7.1)  should  read: 


mv*  *  *  (2*  K  Re)"1  e~s*  j  j  e*0  de  dx 


12.  Eq.  (7.4)  should  read 


where 


*  ra  *  a  x*l 

=  (2a  K  Re)"1  I  [x  *wsv  ‘  *vsv^*  rdr  +  ^h/,c^2  mveh 
J  b  x® -1 


"veh  '  12  *  Re,'‘  (c/aM  C  C  4  (wsv  -  1vsv>  £  \  rdr' 


13.  Third  term  of  Eq.  (9.4)  should  be: 


(s  -  1)6a(ad)  R£(d) 


14.  Second  line  after  Eq.  (9.8)  should  read: 


"prh  *  ,,tlc3/2a%)  /j1  e1ei>  Cpo  d* 


15.  Eq.  (10.1)  should  read: 


(c/a). 


(c/2)  f1 

a( 


16.  Eq.  (B23)  should  have  +  sign  In  front  of  usf 


17.  On  Page  105  last  line;  replace  "aerodynamic"  with  "liquid." 


v:.>;av.v.v:  v;  v.v.v.v.v.' ,  .v.v  .v '--.y,v\  .\y 


I 


LIST  OF  SYMBOLS 


radius  of  a  right-circular  cylindrical  cavity  containing  liquid 
8(kw)"2(-l)^k‘1^/2,  k=l,3,5,... 


half-length  of  a  right-circular  cylindrical  cavity  containing  liquid 


1  +  (m^a2/I x)  »2 


(— )  J  (— )  -  (— )  J  (— ) 
s-i  1  f*  f*  o  f* 


3g(stf*) 

3s  S=iT. 


azimuthal  wave  number 


mass  of  the  liquid  in  the  cylindrical  cavity 


radial  wave  number 


radial  coordinate 


(e+i)T 


gyroscopic  stability  factor 


eigenvalue  of  s  for  the  liquid's  (k,n)th  wave  mode 


coordinate  along  the  missile's  axis  of  symmetry,  positive  forward 


\y  *  1 


n^a2}2iKes* 


liquid  in- plane  moment  coefficient;  the  imaginary  part  of  Ci 


liquid  side  moment  coefficient;  the  real  part  of  Ci 


nondimensional  magnitude  of  the  complex  pressure  coefficient,  Eq. 
(2.3) 


2s(s-3i)/g 


LIST  OF  SYMBOLS  (Cont'd) 


fcAfcS  AVI  fcl  *m±  Wgfr.J 


Ix,Iy  axial  and  transverse  moments  of  Inertia  of  the  projectile. 

Jq,J i  Bessel  function  of  the  first  kind,  of  order  0  or  1 

A 

K  Initial  value  of  the  complex  yaw 

MLy  ,Mli”  transverse  components  of  the  liquid  moment  In  an  aeroballlstlc  system 
NS  Navler-Stokes 

R  parameter  associated  with  each  elgenfrequency ,  Eq.  (2.7) 

Re  Reynol ds  number 

SW  Stewartson-Wedemeyer 

a  angle  of  attack  In  an  aeroballlstlc  system 

8  angle  of  side-slip  In  an  aeroballlstlc  system 

«  (s-1)’1/2  Re” 1/2 


-(a/c)Re"1/2  r  l-1s 
7(T-Fisi  ■  l7737p 


(s+1 ) 


damping  rate  per  cycle  of  the  coning  motion 
aerodynamic  damping  rate  of  the  j-th  arm,  j=l,2 
damping  rate  of  the  j-th  arm,  j=l,2 
damping  rate  for  the  liquid's  (k,n)th  wave  mode 


[(3-Ms) (1-1  s)]1/2  fit\ 

- r+Ts - {7} 

hny 

coning  rate/I;  nondlmenslonal  coning  frequency 
coning  frequency  for  the  j-th  arm,  j=l,2 
elgenfrequency  for  the  liquid's  (k,n)th  wave  mode 


V  V.,  .V.y.  *. 


TIVTjl 
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LIST  OF  SYMBOLS  (Cont'd) 


spin  rate 

orientation  angle  of  the  complex  pressure  coefficient,  Eq.  (2.3) 


DISTRIBUTION  LIST 


No.  of 
Copies 


Organization 


12 


Administrator 
Defense  Technical 
Information  Center 
ATTN:  DTIC-DDA 
Cameron  Station 
Alexandria,  VA  22314 


Commander 

US  Army  Engineer  Waterways 
Experiment  Station 
ATTN:  R.H.  Mai  ter 
Vicksburg,  MS  39180 


Commander 

US  Army  Materiel  Command 
ATTN:  AMCDRA-ST 
5001  Elsenhower  Avenue 
Alexandria,  VA  22333-0001 


Commander 

Armament  RD&E  Center 
US  Army  AMCCOM 
ATTN:  SMCAR-TDC 
Dover,  NJ  07801-5001 


Commander 

Armament  RD&E  Center 
US  Army  AMCCOM 
ATTN:  SMCAR-TSS 
Dover,  NJ  07801-5001 


6  Commander 

Armament  RD&E  Center 
US  Army  AMCCOM 
ATTN:  SMCAR-LCA-F 

Mr.  D.  Mertz 
Mr.  E.  Falkowskl 
Mr.  A.  Loeb 
Mr.  R.  Kline 
Mr.  S.  Kahn 
Mr.  S.  Wasserman 
Dover,  NJ  07801-5001 


1  HQDA 

DAMA-ART-M 

Washington,  DC  20310 


No.  of 
Copies 


1 


25 


Organization 


Commander 

US  Army  Armament,  Munitions 
and  Chemical  Command 
ATTN:  SMCAR-ESP-L 
Rock  Island,  IL  61299 


Di rector 

Benet  Weapons  Laboratory 
Armament  RD&E  Center 
US  Army  AMCCOM 
ATTN:  SMCAR-LCB-TL 
Watervliet,  NY  12189 


Commander 

US  Army  Aviation  Research 
and  Development  Command 
ATTN:  AMSAV-E 
4300  Goodfellow  Blvd 
St.  Louis,  MO  63120 


Director 

US  Army  Air  Mobility  Research 
and  Development  Laboratory 
Ames  Research  Center 
Moffett  Field,  CA  94035 


Commander 

US  Army  Communl cat Ions  - 
Electronics  Command 
ATTN:  AMSEL-ED 
Fort  Monmouth,  NJ  07703-5301 


Commander 

ERADCOM  Technical  Library 
ATTN:  DELSD-L  (Reports  Section) 
Fort  Monmouth,  NJ  07703-5301 


Director 

US  Army  Missile  and  Space 
Intelligence  Center 
ATTN:  AIAMS-YDL 

Redstone  Arsenal,  AL  35898-5500 


Commander 

US  Army  Tank  Automotive  Command 
ATTN:  AMSTA-TSL 
Warren,  MI  48397-5000 


DISTRIBUTION  LIST 


No.  Of 

Copies  Organization 


1  Commander 

US  Army  Missile  Command 
Research,  Development,  and 
Engineering  Center 
ATTN:  AMSMI-RD 
Redstone  Arsenal,  AL  35898 

1  Director 

US  Army  TRADOC  Systems 
Analysis  Activity 
ATTN:  ATAA-SL 
White  Sands  Missile  Range, 

NM  88002 

1  Commander 

US  Army  Jefferson  Proving  GD 
ATTN:  STEJP-TD-D 
Madison,  IN  47250 

2  Commander 

US  Army  Research  Office 
ATTN:  Dr.  R.E.  Singleton 
Dr.  Jagdish  Chandra 
P.0.  Box  12211 
Research  Triangle  Park, 

NC  27709-2211 

1  AGARD-NATO 

ATTN:  R.H.  Korkegl 
APO  New  York  09777 


2  Commandant 

US  Army  Infantry  School 
ATTN:  ATSH-CD-CSO-OR 
Fort  Bennlng,  GA  31905 

10  Central  Intelligence  Agency 
Office  of  Central  Reference 
Dissemination  Branch 
Room  GE-47  HQS 
Washington,  DC  20502 


No.  of 

Copies  Organization 

1  Commander 

US  Army  Development  and 
Employment  Agency 
ATTN:  MODE-TED-SAB 
Fort  Lewis,  WA  98433 

3  Commander 

Naval  Air  Systems  Command 
ATTN:  AIR-604 
Washington,  DC  20360 

2  Commander 

David  W.  Taylor  Naval  Ship 
Research  &  Development  Cmd 
ATTN:  H.J.  Lugt,  Code  1802 
S.  de  los  Santos 
Bethesda,  MD  20084 

1  Commander 

Naval  Surface  Weapons  Center 
ATTN:  DX-21,  Lib  Br 
Dahlgren,  VA  22448 

3  Commander 

Naval  Surface  Weapons  Center 
Applied  Aerodynamics  Division 
ATTN:  M.  Ciment 

A.E.  Wlnklemann 
W.C.  Ragsdale 
Silver  Spring,  MD  20910 

1  Di rector 

Office  of  Naval  Research 
ATTN:  Richard  Whiting 
Code  123 

800  Quincy  Street 
Arlington,  VA  22217 

1  Air  Force  Armament  Laboratory 
ATTN:  AFATL/DLODL 
Eg  1 1 n  AFB,  FL  32542-5000 

1  AFWAL 

ATTN:  J.S.  Shang 
Wrlght-Patterson  AFB,  OH  45433 


DISTRIBUTION  LIST 


No.  Of 
Copies 


Organization 


No.  of 
Copies 


Organization 


1  AFWAl 

ATTN:  W.  L.  Hankey 
Wright-Patterson  AFB,  OH  45433 

1  Aerospace  Corporation 
Aero-Engineering 
Subdivision 

ATTN:  Walter  F.  Reddall 
El  Segundo,  CA  90245 

5  Director 

National  Aeronautics  and  Space 
Administration 
Ames  Research  Center 
ATTN:  D.R.  Chapman 
W.C.  Rose 
B.  Wick 
P.  Kutler 
Tech  Library 

Moffett  Field,  CA  94035 
4  Director 

National  Aeronautics  and 
Space  Administration 
Langley  Research  Center 
ATTN:  E.  Price 
J.  South 
O.R.  Sterrett 
Tech  Library 
Langley  Station 
Hampton,  VA  23365 

1  Director 

National  Aeronautics  and  Space 
Administration 
Lewis  Research  Center 
ATTN:  MS  60-3,  Tech  Lib 
21000  Brookpark  Road 
Cleveland,  OH  44135-3127 

1  AVCO  Systems  Division 
ATTN:  B.  Reeves 
201  Lowell  Street 
Wilmington,  MA  01887 


2  Di rector 

National  Aeronautics  and 
Space  Administration 
Marshall  Space  Flight  Center 
ATTN:  A.R.  Felix,  Chief 
S&E-AERO-AE 
Dr.  W.W.  Fowlis 
Huntsville,  AL  35812 

3  Aerospace  Corporation 
ATTN:  H.  Mirels 

R.L.  Varwig 
Aerophyslcs  Lab. 

P.0.  Box  92957 

Los  Angeles,  CA  90009 

2  Director 

Jet  Propulsion  Laboratory 
ATTN:  L.M.  Mach 

Tech  Library 
4800  Oak  Grove  Drive 
Pasadena,  CA  91103 

3  Arnold  Research  Org.,  Inc. 
ATTN:  J.D.  Whitfield 

R.K.  Matthews 
J.C.  Adams 

Arnold  AFB,  TN  37389 

3  Boeing  Commercial  Airplane 
Company 

ATTN:  R.A.  Day,  MS  1W-82 

P.E.  Rubbert,  MS  3N-19 
J.D.  McLean,  MS-3N-19 
Seattle,  WA  98124 

1  Calspan  Corporation 
ATTN:  A.  Ritter 
P.0.  Box  400 
Buffalo,  NY  14225 

2  Lockheed-Georgla  Company 
ATTN:  B.H.  Little,  Jr. 

G.A.  Pounds 

Dept  72074,  Zone  403 
86  South  Cobb  Drive 
Marietta,  GA  30062 


DISTRIBUTION  LIST 


No.  of 

Copies  Organization 

1  General  Dynamics 

ATTN:  Research  Lib  2246 

P.0.  Box  748 

Fort  Worth,  TX  76101 

1  General  Electric  Company,  RESD 
ATTN:  W.J.  East 

3198  Chestnut  Street 
Philadelphia,  PA  19101 

2  Grumman  Aerospace  Corporation 
ATTN:  R.E.  Melnik 

L.G.  Kaufman 
Bethpage,  NY  11714 

1  Lockheed  Missiles  and  Space 

Company 

ATTN:  Tech  Info  Center 
3251  Hanover  Street 
Palo  Alto,  CA  94304 

3  Martin-Marietta  Corporation 
ATTN:  S.H.  Maslen 

S.C.  Traugott 
H.  Obremskl 
1450  S.  Rolling  Road 
Baltimore,  MD  21227 

2  McDonnell  Douglas  Astronautics 

Corporation 
ATTN:  J.  Xerikos 
H.  Tang 

5301  Bolsa  Avenue 
Huntington  Beach,  CA  92647 

1  Douglas  Aircraft  Company 
ATTN:  T.  Cebecl 
3855  Lakewood  Boulevard 
Long  Beach,  CA  90846 

3  Rockwell  International 

Science  Center 
ATTN:  Dr.  V.  Shankar 

Dr.  S.  Chakravarthy 
Dr.  N.  Malmuth 
1049  Camino  Dos  Rios 
Thousand  Oaks,  CA  91360 


No.  of 

Copies  Organization 

5  Sandia  National  Laboratory 
ATTN:  H.W.  Vaughn 
G.  Wolfe 
W.L.  Oberkampf 

F. 6.  Blottner 

G. F.  Homicz 

Albuquerque,  NM  87185 

2  United  Aircraft  Corporation 
Research  Laboratory 
ATTN:  M.J.  Werle 
Li brary 

East  Hartford,  CT  06108 

1  LTV  Aerospace  and  Defense  Co. 
Vought  Missiles  and  Advanced 

Programs  Division 
P.0.  Box  650003 
Dallas,  TX  75265-0003 

2  Arizona  State  University 
Department  of  Mechanical  and 

Energy  Systems  Engineering 
ATTN:  G.P.  Neitzel 
W.  S.  Saric 
Tempe,  AZ  85287 

1  Cornell  University 
Graduate  School  of 
Aero  Engr 
ATTN:  Library 
Ithaca,  NY  14853 

3  California  Institute  of 

Technology 
ATTN:  Tech  Library 

H. B.  Keller,  Math  Dept 
D.  Coles,  Aero  Dept 

Pasadena,  CA  91109 

1  Di rector 

Johns  Hopkins  University 
Applied  Physics  Laboratory 
Johns  Hopkins  Road 
Laurel,  MD  20707 


28 


ywMiuwwjvjr 


DISTRIBUTION  LIST 


No.  Of 

Copies  Organization 

2  Illinois  Institute  of  Technology 
ATTN:  S.  Rosenblat 
H.M.  Naglb 
3300  South  Federal 
Chicago,  IL  60616 

2  Lockheed-Georgla  Co. 

ATTN:  B.H.  Little,  Jr. 

G.  A.  Pounds 
Dept.  72074,  Zone  403 
86  South  Cobb  Drive 
Marietta,  GA  30063 

1  Vought  Corporation 

ATTN:  J.M.  Cooksey,  Chief 
Gas  Dynamics  Lab,  2-53700 
P.0.  Box  5907 
Dallas,  TX  75222 

1  The  Johns  Hopkins  University 
Dept  of  Mech  and  Materials  Scl. 
ATTN:  S.  Corrsln 
Baltimore,  MD  21218 

1  Louisiana  State  University 
Dept,  of  Physics  and  Astronorny 
ATTN:  Dr.  R.G.  Hussey 

Baton  Rouge,  LA  70803 

3  Massachusetts  Institute  of 

Technology 
ATTN:  E.  Covert 

H.  Greenspan 
Tech  Lib 

77  Massachusetts  Avenue 
Cambridge,  MA  02139 

2  North  Carolina  State  Unlv 
Mechanical  and  Aerospace 

Engineering  Department 
ATTN:  F.F.  DeJarnette 
J.C.  Williams 
Raleigh,  NC  27607 

1  Notre  Dame  University 
Department  of  Aero  Engr 
ATTN:  T.J.  Mueller 
South  Bend,  IN  46556 


No.  of 

Copies  Organization 

1  Northwestern  University 
Department  of  Engineering 

Science  and  Applied 
Mathematics 
ATTN:  Dr.  S.H.  Davis 
Evanston,  IL  60201 

2  Ohio  State  University 
Dept  of  Aeronautical  and 

Astronautlcal  Engineering 
ATTN:  S.L.  Petrie 
O.R.  Burggraf 
Columbus,  OH  43210 

2  Polytechnic  Institute  of 

New  York 

ATTN:  G.  Morettl 

Tech.  Library 
Route  110 

Farmingdale,  NY  11735 

3  Princeton  University 
James  Forrestal  Research  Ct 
Gas  Dynamics  Laboratory 
ATTN:  S.M.  Bogdonoff 

S.I.  Cheng 
Tech  Library 
Princeton,  NJ  08540 

1  Purdue  University 

Thermal  Science  &  Prop  Ctr 
ATTN:  Tech  Library 
W.  Lafayette,  IN  47906 

1  Rensselaer  Polytechnic 
Institute 

Department  of  Math  Sciences 
ATTN:  Tech  Library 
Troy,  NY  12181 

1  Rutgers  University 

Department  of  Mechanical, 
Industrial,  and  Aerospace 
Engineering 
ATTN:  R.H.  Page 
New  Brunswick,  NJ  08903 


DISTRIBUTION  LIST 


No.  of 

Copies  Organization 

1  Southern  Methodist  University 
Department  of  Civil  and 
Mechanical  Engineering 
ATTN:  R.L.  Simpson 
Dallas,  TX  75272 

1  Southwest  Research  Institute 
Applied  Mechanics  Reviews 
8500  Culebra  Road 
San  Antonio,  TX  78228 

1  San  Diego  State  University 
Department  of  Aerospace  Engr 
and  Engineering  Mechanics 
College  of  Engineering 
ATTN:  K.C.  Wang 
San  Diego,  CA  92115 

1  Harvard  University 

Division  of  Engineering  and 
Applied  Physics 
ATTN:  G.  J.  Carrier 
Cambridge,  MA  01238 

1  Stanford  University 

Dept  of  Aeronautics/Astronautics 
ATTN:  M.  VanDyke 
Stanford,  CA  94305 

1  Texas  A&M  University 
College  of  Engineering 
ATTN:  R.H.  Page 
College  Station,  TX  77843 

1  University  of  California  - 
Davis 

ATTN:  H.A.  Dwyer 
Davis,  CA  95616 

1  University  of  California  - 
Berkeley 

Department  of  Aerospace 
Engineering 
ATTN:  M.  Holt 
Berkeley,  CA  94720 


No.  of 

Copies  Organization 

1  University  of  California  - 
San  Diego 

Department  of  Aerospace 
Engineering  and  Mechanical 
Engineering  Sciences 
La  Jolla,  CA  92037 

1  University  of  Santa  Clara 
Department  of  Physics 
ATTN:  R.  Greeley 

Santa  Clara,  CA  95053 

2  University  of  Cincinnati 
Department  of  Aerospace 

Engineering 
ATTN:  R.T.  Davis 
S.G.  Rubin 

Cincinnati,  OH  45221 

1  University  of  Colorado 
Department  of  Astro-Geophysics 
ATTN:  E.R.  Benton 

Boulder,  CO  80302 

2  University  of  Maryland 
ATTN:  W.  Melnik 

J.D.  Anderson 
College  Park,  MD  20740 

1  University  of  Maryland  - 

Baltimore  County 
Department  of  Mathematics 
ATTN:  Dr.  Y.M.  Lynn 
5401  Wilkens  Avenue 
Baltimore,  MD  21228 

2  University  of  Southern 

California 

Department  of  Aerospace 
Engineering 
ATTN:  T.  Maxworthy 
P.  Weidman 

Los  Angeles,  CA  90007 


•\A-' 


DISTRIBUTION  LIST 


No.  of 
Copies 


Organization 


No.  of 
Copies 


Organization 


2  University  of  Michigan 
Department  of  Aeronautical 
Engineering 
ATTN:  W.W.  Wilmarth 
Tech  Library 

East  Engineering  Building 
Ann  Arbor,  MI  48104 

2  University  of  Rochester 
Department  of  Mechanical 
and  Aerospace  Sciences 
ATTN:  R.  Gans 

A.  Cl  ark.  Or. 
Rochester,  NY  14627 

1  University  of  Virginia 
Department  of  Aerospace 
Engineering  &  Engineering 
Physics 

ATTN:  I.D.  Jacobson 
Charlottesville,  VA  22904 

1  University  of  California  - 
Santa  Barbara 

Department  of  Mechanical  and 
Environmental  Engineering 
ATTN:  J.P.  Vanyo 
Santa  Barbara,  CA  93106 

1  University  of  Texas 
Department  of  Aerospace 
Engineering 

ATTN:  O.C.  Vlestkaemper 
Austin,  TX  78712 

4  University  of  Virginia 
Department  of  Mechanical 
Aerospace  Engineering 
.  ATTN:  W.  G.  Wood 

R.  0.  Rlbando 
R.  Krauss 
W.  E.  Scott 

Charlottesville,  VA  22904 

1  University  of  Tennessee 
Department  of  Physics 
ATTN:  Technical  Library 
Knoxville,  TN  37916 


1  University  of  Washington 
Department  of  Mechanical 
Engineering 
ATTN:  Tech  Library 
Seattle,  WA  98105 

1  University  of  Wyoming 
ATTN:  D.L.  Boyer 
University  Station 
Laramie,  WY  82071 

1  University  of  Wisconsin  - 
Madison 

Mathematic  Research  Center 
ATTN:  John  C.  Strlkwerda 
610  Walnut  Street 
Madison,  WI  53706 

1  Woods  Hole  Oceanographic 

Institute 

ATTN:  J. A.  Whitehead 
Woods  Hole,  MA  02543 

2  Virginia  Polytechnic  Institute 

and  State  University 
Department  of  Aerospace 
Engineering 
ATTN:  Tech  Library 
Dr.  T.  Herbert 
Blacksburg,  VA  24061 


Aberdeen  Proving  Ground 

Director,  USAMSAA 
ATTN:  AMXSY-D 

AWSY-MP,  H.  Cohen 

Commander,  USATECOM 
ATTN:  AMSTE-TO-F 

Commander,  CROC,  AMCCOM 
ATTN:  SMCCR-RSP-A 
SMCCR-MU 
SMCCR-SPS-IL 


USER  EVALUATION  SHEET/CHANGE  OF  ADDRESS 


This  Laboratory  undertakes  a  continuing  effort  to  improve  the  quality  of  the 
reports  it  publishes.  Your  conunents/answers  to  the  items/questions  below  will 
aid  us  in  our  efforts. 

1.  BRL  Report  Number _ Date  of  Report _ 

2.  Date  Report  Received _ 

3.  Does  this  report  satisfy  a  need?  (Comment  on  purpose,  related  project,  or 

other  area  of  interest  for  which  the  report  will  be  used.) _ 


4.  How  specifically,  is  the  report  being  used?  (Information  source,  design 
data,  procedure,  source  of  ideas,  etc.) _ 


S.  Has  the  information  in  this  report  led  to  any  quantitative  savings  as  far 
as  man-hours  or  dollars  saved,  operating  costs  avoided  or  efficiencies  achieved 
etc?  If  so,  please  elaborate. _ 


6.  General  Comments.  What  do  you  think  should  be  changed  to  improve  future 
reports?  (Indicate  changes  to  organization,  technical  content,  format,  etc.) 


Name 


Organization 


Address 


City,  State,  Zip 

7.  If  indicating  a  Change  of  Address  or  Address  Correction,  please  provide  the 
New  or  Correct  Address  in  Block  6  above  and  the  Old  or  Incorrect  address  below. 


CURRENT 

ADDRESS 


OLD 

ADDRESS 


Name 


Organization 


Address 


City,  State,  Zip 


(Remove  this  sheet  along  the  perforation,  fold  as  indicated,  staple  or  tape 
closed,  and  mail.) 


FOLD  HERE 


Director 

U.S.  Army  Ballistic  Research  Laboratory 
ATTN:  SLCBR-DD-T 

Aberdeen  Proving  Ground,  MD  21005-5066 


NO  POSTAGE 
NECESSARY 
IF  MAILED 
IN  THE 

UNITED  STATES 


OFFICIAL  BUSINESS 

PENALTY  FOR  PRIVATE  USE.  SSOO 


BUSINESS  REPLY  MAIL 

FIRST  CLASS  PERMIT  NO  12062  WASHINGTON, DC 
POSTAGE  WILL  BE  PAID  BY  department  OF  THE  ARMY 


Director 

U.S.  Amy  Ballistic  Research  Laboratory 
ATTN:  SLCBR-DD-T 

Aberdeen  Proving  Ground,  MD  21005-9989 


FOLD  HERE 


